Results: NMA was conducted including 20 RCTs for moderate-to-severe exacerbations for 26 141 patients with an exacerbation in the past year. 32 treatments were effective versus placebo including: tiotropium, budesonide/formoterol, salmeterol, indacaterol, fluticasone/salmeterol, indacaterol/glycopyrronium, tiotropium/fluticasone/salmeterol and tiotropium/ budesonide/formoterol. Tiotropium/budesonide/ formoterol was most effective (99.2% probability of being the most effective according to the Surface Under the Cumulative RAnking (SUCRA) curve). NMA was conducted on mortality (88 RCTs, 97 526 patients); fluticasone/salmeterol was more effective in reducing mortality than placebo, formoterol and fluticasone alone, and was the most effective (SUCRA=71%). NMA was conducted on CVM (37 RCTs, 55 156 patients) and the following were safest: salmeterol versus each OF placebo, tiotropium and tiotropium (Soft Mist Inhaler (SMR)); fluticasone versus tiotropium (SMR); and salmeterol/fluticasone versus tiotropium and tiotropium (SMR). Triamcinolone acetonide was the most harmful (SUCRA=81%). NMA was conducted on pneumonia occurrence (54 RCTs, 61 551 patients). 24 treatments were more harmful, including 2 that increased risk of pneumonia versus placebo; fluticasone and fluticasone/ salmeterol. The most harmful agent was fluticasone/ salmeterol (SUCRA=89%). NMA was conducted for arrhythmia; no statistically significant differences between agents were identified.
▪ We included >200 randomised trials and this is one of the most comprehensive systematic reviews in this area. ▪ We follow the methodologically rigorous guidelines put forth by the Cochrane Collaboration. ▪ We conducted a network meta-analysis in accordance with guidance put forth by the International Society For Pharmacoeconomics and Outcomes Research. ▪ Many of the included randomised trials were at a high risk of bias for many of the Cochrane risk-of-bias criteria. ▪ We were unable to explore other important effect modifiers, such as duration of treatment administration, as this was inconsistently reported across the included randomised trials.
METHODS Protocol
Our systematic review protocol was drafted using the Preferred Reporting Items for Systematic reviews and Meta-analyses for Protocols (PRISMA-P) guidance. 10 The protocol was revised based on feedback from various stakeholders, including policymakers from the Ontario Public Drug Programs, industry stakeholders, patients, researchers within the ODPRN and healthcare professionals. The final protocol was registered with the PROSPERO registry (CRD42013006725) and posted on the ODPRN website. 11 Since our full methods have been posted online, they are summarised briefly here.
Eligibility criteria
Parallel-group randomised clinical trials (RCTs) including adults with COPD administered long-acting inhaled agent in any combination compared with each other or placebo were eligible for inclusion. Concomitant COPD medications were included if both groups received the same interventions (eg, rescue medication with a shortacting β-agonist). A list of included agents can be found in online supplementary appendix 1. A list of the excluded medications can be found in online supplementary appendix 2.
The primary outcome of interest was the proportion of patients with moderate-to-severe exacerbations (ie, worsening of COPD symptoms that may require hospitalisation, emergency department visits, treatment with oral steroids and/or antibiotics, use of rescue medication, or unscheduled visits to a walk-in clinic or to a healthcare provider). Secondary outcomes included the number of patients experiencing mortality, pneumonia, serious arrhythmia and cardiovascular-related mortality. Outcomes were selected based on feedback from patients with COPD and other stakeholders through a survey (see online supplementary appendix 3). The results of the survey appear in online supplementary appendix 4; these have been disseminated online. 12 RCTs were included regardless of duration of follow-up, date of dissemination or publication status. Owing to feasibility constraints, we limited inclusion to English language articles; this has not been shown to bias meta-analysis estimates in the past. 13 Owing to the large number of unpublished citations conference abstracts identified, we limited inclusion of unpublished data to abstracts from 2004 onwards because this is more likely to capture unreported data given the average time it takes for a RCT to be published.
14 Authors were contacted for unpublished data obtained through study protocols and conference abstracts, as well as English translations of non-English articles.
Information sources and literature search An experienced librarian conducted comprehensive literature searches in MEDLINE, EMBASE, and the Cochrane Central Register of Controlled Trials from inception until December 2013. The MEDLINE search was peer reviewed by another experienced librarian using the Peer Review of Electronic Search Strategies (PRESS) checklist, 15 and revised as necessary (see online supplementary appendix 5). This was supplemented by manual searching of the reference lists of included studies and relevant reviews.
1-9 16
Study selection process Only when >90% agreement was achieved through a training exercise, pairs of reviewers screened citations for inclusion, independently. The same process was followed for screening potentially relevant full-text articles. Conflicts were resolved by discussion or the involvement of a third reviewer (ACT or SES).
Data items and data abstraction process
After a calibration exercise, study characteristics (eg, year of conduct, sample size, setting), patient characteristics (eg, number of patients, age, mean age and SD) and the definitions of outcome definitions (eg, exacerbations (ie, number of patients with at least 1 exacerbation in the past year)) were abstracted independently by pairs of reviewers, independently. To ensure data integrity for the abstracted data, all data were verified by a third reviewer (LS, FY or AS). Since the Global Initiative for Chronic Obstructive Lung Disease (GOLD) criteria have changed over time, a clinician (SES) reviewed all of the included studies to ascertain the average COPD severity of the patients included in each RCT.
Risk of bias and methodological quality appraisal process After a calibration exercise, pairs of reviewers independently assessed each of the included RCTs using the seven-item Cochrane Risk-of-Bias tool. 17 
Synthesis
A restricted maximum likelihood method 18 and the I 2 statistic 19 were used to estimate the magnitude and measure the between-study heterogeneity variance in meta-analysis, respectively. A random-effects network meta-analysis was conducted because we anticipated that the treatment effects were heterogeneous across the included RCTs. We assumed common between-study variance across treatment comparisons. As the included treatments are of the same nature, it is clinically reasonable to share a common heterogeneity parameter.
The treatment nodes of the network were selected based on input from clinicians, methodologists and statisticians on the team. Owing to the complexity of the analysis, we did not account for differences in doses and durations assuming that all impact the treatment effect equally. Specifically, when a study compared different doses of an intervention against another intervention, we included only the recommended dose in the analysis. As well, we conducted a specific drug analysis versus a drug class analysis, as this was what the policymakers associated with the ODPRN requested.
Before conducting the analyses, we assessed the transitivity assumption by exploring whether any systematic differences were prevalent in the distribution of potential treatment effect modifiers across treatment comparisons in the network. For each outcome, we examined the percentage of female participants (gender) in the RCTs and the risk-of-bias results. For the moderate-to-severe exacerbations outcome, we also examined RCTs with eligibility criteria focusing on patients who experienced an exacerbation in the past year and severity of COPD.
To evaluate the consistency assumption, we evaluated the network as a whole using the design-by-treatment interaction model. 20 If inconsistency was prevalent, the loop-specific method was used to identify local inconsistency in parts of the network. [21] [22] [23] When important inconsistency and/or heterogeneity were observed, we assessed for potential data abstraction errors, and if none were identified, we conducted a subgroup network meta-analysis on the potential treatment effect modifiers. We explored the effect of study duration in a random-effects meta-regression analysis for mortality and exacerbation outcomes, assuming a common fixed coefficient across treatment comparisons. To assess the robustness of our results, we conducted a sensitivity analysis limiting all of the analyses to studies with a low risk of bias according to the randomisation and allocation concealment components.
Summary treatment effects (ORs) from the network meta-analysis are presented, along with their respective 95% CIs and 95% predictive intervals (PrI). The PrI is more conservative than the CI and indicates the possible treatment effects, should an additional study become available. 24 25 It should be noted that a PrI is available only when the difference between the number of studies in the network and the number of available direct comparisons is greater than 2. A comparison-adjusted funnel plot was used to investigate the association between effect size and its SE (the latter is closely related to study size). If a relationship exists, this can be due to publication or related biases or due to systematic differences between small and large studies. 26 A treatment hierarchy was also obtained using the SUrface under the Cumulative RAnking (SUCRA) curve analysis which allows the ranking of interventions according to the probability of being the most effective for each outcome (eg, most effective at reducing the risk of exacerbations, most harmful at increasing the risk of cardiovascularrelated mortality). 27 Model fit Random-effects meta-analyses were undertaken in R V.3.1.2 using the meta package, 28 29 while random-effects network meta-analyses were conducted in STATA V.13.1 using the mvmeta command. 30 31 We implemented network meta-regression analyses on the study duration variable in OpenBUGS V.3.2.3, 32 using 100 000 simulations with a thinning rate of 10 after discarding the first 30 000 iterations. Convergence was assessed by visual inspection of the mixing of two chains with different initial values. We assumed a vague prior for the coefficient parameter (N(0; 10 4 )) and an informative prior for the between-study variance, as suggested by Turner et al 33 (t 2 logN(À2:13; 1:58 2 )).
RESULTS

Literature search
The literature search yielded a total of 2447 titles and abstracts (figure 1). Of these, 980 articles were potentially relevant and their full text was reviewed. Subsequently, 203 RCTs providing data on 208 RCTs (some trials reported the results from more than one study) plus 58 companion reports fulfilled our eligibility criteria and were included. The list of the included studies and their references can be found in online supplementary appendix 6. Twenty of the included studies were unpublished.
Study and patient characteristics
The year of publication ranged from 1989 to 2014 (table 1, online supplementary appendix 7). Most RCTs were multicentre trials conducted across numerous countries. The duration of treatment with long-acting inhaled agents ranged from 9 h to almost 4 years. Most of the RCTs reported moderate-to-severe COPD exacerbations (54%) and mortality (46%). The presence of serious arrhythmia was the least frequently reported outcome (15% of studies). The total number of patients across the RCTs was 134 692, with an average of 648 patients per trial (table 2, see online supplementary appendix 8). The severity of COPD was most commonly moderate-tosevere or moderate-to-very severe (61%) in nature. The percentage of females in the included studies ranged from 0% to 58%.
Risk of bias
Across the included RCTs, the majority had an unclear random sequence generation (63%) and unclear allocation concealment (84%) risk of bias (figure 2, see online supplementary appendix 9). In addition, the majority had an unclear risk of bias (55%) related to selective outcome reporting, as the outcomes reported in the trial protocols differed from those reported in the final publication. Finally, many of the RCTs had a high (52%) or unclear (39%) risk of bias due to the 'other bias' item, mainly owing to the potential for funding bias as many studies were funded by a pharmaceutical company and included study authors who were employed by the drug manufacturer. Finally, visual inspection of the comparison-adjusted funnel plots showed that there was no evidence for small-study effects and publication bias across all analyses.
Moderate-to-severe exacerbations A network meta-analysis was attempted with 112 RCTs including 77 749 patients and 26 inhaled treatments for patients presenting with moderate-to-severe exacerbations (ie, worsening of COPD symptoms that may require hospitalisation, emergency department visits, treatment with oral steroids and/or antibiotics, use of rescue medication, unscheduled walk-in clinic/healthcare provider visits). However, significant inconsistency was observed between direct and indirect evidence (χ 2 =80.74, degrees of freedom=51, p=0.005, heterogeneity variance=0.01). As such, a subgroup network meta-analysis was conducted including only those trials with patients who had experienced an exacerbation in the past year ( figure 3A ). For this analysis, 20 RCTs were included with 26 141 patients and 17 treatments; there was no evidence of statistical inconsistency (χ 2 =3.37, degrees of freedom=4, p=0.50, heterogeneity variance=0.00). Of the 136 treatment comparisons in the network meta-analysis model, 32 were statistically significant (table 3, see online supplementary appendices 10 and 11) and 8 of these were more effective than placebo in reducing the risk of moderate-to-severe exacerbations: tiotropium, salmeterol, indacaterol, budesonide/formoterol, fluticasone/salmeterol, indacaterol/glycopyrronium, tiotropium/fluticasone/salmeterol and tiotropium/ budesonide/formoterol. The most effective were tiotropium/budesonide/formoterol (99% probability of being the most effective in reducing exacerbations) and indacaterol/glycopyrronium (86%) according to the SUCRA curves (see online supplementary appendix 12).
A sensitivity analysis was conducted with studies at a low risk of randomisation and allocation concealment biases. Based on 25 RCTs, 20 treatments and 33 211 patients meeting these criteria, 190 treatment comparisons were made in the network meta-analysis model. Twenty-four of these were statistically significant, including three that reduced the risk of moderate-to-severe exacerbations compared with placebo; fluticasone, indacaterol/tiotropium and indacaterol/glycopyrronium (figure 4). The most effective agent was fluticasone according to the SUCRA curves (96%), which was followed by indacaterol/glycopyrronium (80%), and mometasone/formoterol (80%). A statistically significant association was not observed in our metaregression analysis conducted using the study duration as a covariate (estimated coefficient: 1.01 (95% credible interval (CrI) 0.41, 2.41), heterogeneity variance=0.02).
Mortality
Six studies were excluded from the analysis because they reported 0 events in all relevant treatment arms. [34] [35] [36] [37] [38] [39] As such, a network meta-analysis was conducted with 88 RCTs, 28 treatments and 97 526 patients (figure 3B). There was no evidence of statistical inconsistency (χ 2 =31.44, degrees of freedom=50, p value=0.98, heterogeneity variance=0.00). Of the 378 treatment comparisons in the network meta-analysis model, only three were statistically significant. Fluticasone/salmeterol combination therapy resulted in a reduced risk of mortality compared with placebo, formoterol and fluticasone alone (table 3, see online supplementary appendices 10 and 11). The most effective agent in having a reduced risk of mortality was fluticasone/salmeterol as determined by the SUCRA curves (71%; see online supplementary appendix 12).
A sensitivity analysis was conducted with studies at a low risk of randomisation generation and allocation concealment biases. Based on 23 RCTs, 21 treatments and 33 624 patients, 210 treatment comparisons were made in the network meta-analysis model. Four of these were statistically significant, as follows: fluticasone/salmeterol was superior to placebo, salmeterol alone, tiotropium and vilanterol (figure 5). The most effective agent was the inhaled combination of fluticasone/salmeterol (90%) according to the SUCRA curves. A statistically significant association was not observed in our metaregression analysis conducted using the study duration as a covariate (estimated coefficient 1.00 (95% CrI 0.88, 1.14), heterogeneity variance=0.03). Cardiovascular-related mortality Nine studies were excluded from the analysis of cardiovascular-related mortality (including cardiac arrest, aortic aneurysm and myocardial infarction) because they reported 0 events in all relevant treatment arms. [34] [35] [36] [37] [38] [39] [40] [41] [42] As such, a network meta-analysis was conducted including 37 RCTs, 20 treatments and 55 156 patients ( figure 3C ). There was no evidence of statistical inconsistency (χ 2 =13.05, degrees of freedom=24, p=0.97, heterogeneity variance=0.00). A total of 190 treatment comparisons were made in the network meta-analysis model and the following six were statistically significant: salmeterol had a decreased risk of cardiovascular-related mortality versus placebo, tiotropium (Handihaler), and tiotropium (Soft Mist Inhaler). In addition, fluticasone was superior to tiotropium (Soft Mist Inhaler); and the salmeterol/fluticasone combination was superior to both tiotropium (Handihaler) and tiotropium (Soft Mist Inhaler; table 3, see online supplementary appendices 10 and 11). None of these treatment comparisons remained statistically significant according to the PrI, except for salmeterol versus tiotropium (Soft Mist Inhaler). According to the SUCRA curves (see online supplementary appendix 12), the following were the most harmful: triamcinolone acetonide (81% probability of being the most harmful because of a greater risk of cardiovascular-related mortality), formoterol/budesonide (73%) and vilanterol/umeclidinium (73%). However, these particular SUCRA results should be interpreted with caution, as some of these interventions were not statistically different from the other agents according to the effect sizes and 95% CIs.
A sensitivity analysis was conducted including only studies with a low risk of bias for cardiovascular-related mortality with 11 RCTs, 12 treatments 16 443 patients, and 66 treatment comparisons; none of the results were statistically significant.
Pneumonia
One study was excluded from the analysis for reporting 0 events in all treatment arms. 39 As such, 54 RCTs including 21 treatments and 61 551 patients were included in a network meta-analysis for pneumonia ( figure 3D ). There was no evidence of statistical inconsistency (χ 2 =34.33, degrees of freedom=31, p=0.31, heterogeneity variance=0.00). A total of 210 treatment comparisons were made in the network meta-analysis model; 24 were statistically significant (table 3, see online supplementary appendices 11 and 12). Of these, two agents had a greater risk of pneumonia versus placebo; fluticasone and fluticasone/salmeterol. The following were the most harmful agents because they had a greater risk of pneumonia: fluticasone/salmeterol (SUCRA=89%), fluticasone/vilanterol (SUCRA=88%) and fluticasone (SUCRA=82%; see online supplementary appendix 12).
A sensitivity analysis was conducted including only studies with a low risk of bias with 19 RCTs, 18 treatments and 28 763 patients. There were 153 treatment comparisons in the network meta-analysis model and 17 were statistically significant (see online supplementary appendix 13) including two that were more harmful than placebo because they had a greater risk of pneumonia: budesonide/formoterol and fluticasone/salmeterol. The most harmful agents were budesonide/formoterol (SUCRA=94%), beclomethasone/ formoterol (SUCRA=89%) and fluticasone/salmeterol (SUCRA=78%).
Serious arrhythmia
Five studies were excluded from the analysis because they reported 0 events in all treatment arms. 39 43-46 As such, a network meta-analysis was conducted including 26 RCTs, 12 treatments and 27 407 patients (figure 3E) for serious arrhythmia (including atrial fibrillation and tachycardia). None of the 66 treatment comparisons were statistically significant (see online supplementary appendices 11 and 12) and no evidence of statistical inconsistency was observed (χ =3.06, degrees of freedom=11, p=0.99, heterogeneity variance=0.36). The same results were observed in a sensitivity analysis involving six studies at low risk of bias with 7 treatments, 13 060 patients, and 22 treatment comparisons.
DISCUSSION
For risk of a moderate-to-severe COPD exacerbation, we could not complete a network meta-analysis overall because the data were inconsistent. We were able to present results of our network meta-analysis for moderate-to-severe COPD exacerbation among patients who had experienced an exacerbation in the past year. We found that tiotropium/budesonide/formoterol and indacaterol/glycopyrronium combinations were the most effective inhaled agents at minimising the risk of a moderate-to-severe COPD exacerbation. Furthermore, we performed sensitivity analysis for moderate-to-severe exacerbations which included all studies rated as scoring a low risk of bias on the randomisation and allocation concealment components. For this network meta-analysis, fluticasone, indacaterol/glycopyrronium and mometasone/formoterol were the most effective agents at reducing the risk of moderate-to-severe COPD exacerbations.
Our results are similar to a previously published network meta-analysis funded by industry (Merck, Dhome and Nycomed) that included 35 RCTs with 26 786 patients and concluded that combination therapy with an ICS and LABA is likely superior to single therapy regarding exacerbations. 9 Inclusion criteria included patients with moderate-to-severe COPD and trials of at least 24 weeks' duration. A second network meta-analysis of inhaled drugs for COPD in trials of at least 4 weeks' duration concluded that ICS/LABA combination therapy reduced exacerbations only in patients with low forced expiratory volume. 8 Differences in study eligibility will lead to slightly different network meta-analysis results, reliability and applicability, due to variations in the network of trials.
We also analysed all-cause mortality in a network meta-analysis and found that the most effective agent was fluticasone/salmeterol because it had a decreased risk of mortality compared with the other agents. These results were consistent when we limited the analysis to those studies with a low risk of bias. We also conducted a network meta-analysis on cardiovascular-related mortality and found that use of tiotropium Handihaler and/or tiotropium Soft Mist Inhalers increased the risk compared with some of the other agents. However, in our sensitivity analysis including only studies with a low risk of allocation concealment or randomisation bias no statistically significant results were observed, suggesting that these particular results should be interpreted with caution.
Our mortality results are different, yet the cardiovascular-related mortality results are similar to a previously published network meta-analysis including 42 trials (52 516 patients) of at least 24 weeks' duration involving patients allocated to tiotropium Soft Mist Inhalers, tiotropium Handihaler, ICS+LABA, LABA, ICS or placebo. 47 Patients receiving the tiotropium Soft Mist Inhalers had the greatest risk of mortality overall, as well as cardiovascular-related mortality.
A recent Cochrane review and network meta-analysis compared four classes of long-acting inhalers for COPD (ICS, LABA, ICS/LABA combination and LAMA) for two efficacy outcomes: mean trough forced expiratory volume in 1 s (FEV 1 ) and mean total score on the St George's Respiratory Questionnaire (SGRQ) in trials of at least 24 weeks' duration. 48 In their review, 71 RCTs with 73 062 patients were included. As this recent Cochrane review and network meta-analysis did not examine outcomes pertaining to either exacerbations or mortality, there is no overlap in results with our review.
We found that the following were the most harmful agents for being associated with increasing risk of pneumonia: fluticasone/salmeterol, fluticasone/vilanterol and fluticasone according to the SUCRA. These results are consistent with a recent Cochrane review on ICS, LABA and ICS/LABA combination which looked at pneumonia in patients with COPD in trials of at least 12 weeks' duration. 49 Those study authors found an increased risk of pneumonia with fluticasone use versus placebo and for any fluticasone/LABA combination versus LABA alone. However, our pneumonia sensitivity analysis including studies with a low risk of bias found that the most harmful agents that increased the risk of pneumonia were budesonide/formoterol, beclomethasone/formoterol, and fluticasone/salmeterol. Of note, we included 132 more studies comprising 56 727 more patients than the previous Cochrane reviews (see online supplementary appendix 14).
We found no statistically significant differences in risks of serious arrhythmia across any of the compared agents in our rapid review. This finding is clinically important as clinicians have raised concerns about increasing risk of arrhythmia with use of LABA. [50] [51] [52] We are unaware of any other network meta-analysis that examines this outcome for patients with COPD. We also attempted a network meta-analysis for the dyspnoea outcome, yet the results were unreliable so are not presented here, despite numerous subgroup and sensitivity analyses. Such an analysis should be attempted in the future, perhaps utilising advanced individual patient data network meta-analysis techniques that are currently emerging.
There are some limitations of our systematic review that are worth noting. First, we are aware of 21 53 and we have included 208 RCTs and 134 692 patients and we believe that our results for the other agents are valid. Second, many of the included RCTs were at a high risk of bias for many of the Cochrane risk-of-bias criteria, especially for important items such as random sequence generation and allocation concealment, which are imperative for the internal validity of a RCT. In order to address this limitation, we conducted a sensitivity analysis for all outcomes, which focused on inclusion of studies with a low risk of bias in the analysis. Third, we were unable to explore other important effect modifiers, such as duration of treatment administration, as this was inconsistently reported across the included RCTs. Fourth, given the inconsistency across the data, we could not complete a network meta-analysis for risk of moderate-to-severe exacerbations overall. Fifth, we limited inclusion to RCTs published in English, yet this has not been shown to bias meta-analysis results in the past. 13 Finally, we were unable to calculate the PrI for all outcomes, due to the small number of studies included in the exacerbations and sensitivity analyses.
In conclusion, tiotropium/budesonide/formoterol inhaled combination therapy reduces risk of moderate-to-severe exacerbations in patients having already experienced a COPD-related exacerbation in the past year. Inhaled fluticasone/salmeterol reduces risk of mortality, yet may increase risk of pneumonia. Tiotropium may increase risk of cardiovascular-related mortality. These agents likely do not increase risk of serious arrhythmia. Future research should update our review to include studies examining the LABA/LAMA combination, as well as the dyspnoea outcome, as we were presently unable to conduct a network meta-analysis on these.
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